ABSTRACT -The increase of relative cerebral blood flow (rCBF) may contribute for a change in blood oxygenation level dependent signal (BOLD). The main purpose of this study is to investigate some aspects of perfusional alterations in the human brain in response to a uniform stimulation: hypercapnia induced by breath holding. It was observed that the BOLD signal increased globally during hypercapnia and that it is c o rrelated with the time of breath holding. This signal increase shows a clear distinction between gray and white matter, being greater in the grey matter.
An important discovery of magnetic re s o n a n c e imaging (MRI) is the recognition that changes in the metabolic state of the brain affect the local MR signal and provide an intrinsic mechanism for detecting brain activation. This mechanism is based on the blood oxygenation level dependent (BOLD) contrast, using the paramagnetic characteristics of deoxyhemoglobin, as an endogenous contrast agent. During brain activation, the regional cerebral blood flow (rCBF) surpasses the cerebral metabolic rate of oxygen (CMRO2). There f o re, the diff e rence between p roduction and consumption of oxygen causes a reduction of deoxyhemoglobin concentration, incre a sing the signal, and consequently changes the local contrast, of T2* weighted images. This mechanism is the basis of the so called functional MRI (fMRI). fMRI has been increasingly used as a non invasive tool to understand normal and pathological brain function. Beyond mapping cognitive brain function, an incre a sing number of studies indicate that fMRI techniques could become useful in the clinical set, as a pre-surgical mapping tool 1,2 . The BOLD signal indirectly measures neuro n a l a c t i v i t y. It actually responds to CBF changes and can be, in principle, used to map brain perfusion. Theref o re, recently these techniques have been used to detect rCBF by means of BOLD signal changes, during inhalation of CO 2 gas mixture or injection of acet a z o l a m i d e 3 , 4 . During CO 2 inhalation, the increase in p C O 2 leads to vasodilatation and consequently an i n c rease in rCBF. Nevertheless, little or no CMRO2 changes occur, and metabolic activity remains at baseline level of the resting brain state. Hence, this condition decreases the local concentration of deoxyhemoglobin, leading to a decrease in magnetic field d i s t o rtions and a slightly increase in the local MR signal. In a diff e rent set of studies, vasodilatation is induced by the use of acetazolamide, a carbonic anhydrase inhibitor 5 . Carbonic anhydrase catalyzes the conversion of CO 2 to bicarbonate ions, increasing the c a rrying capacity of the blood for removing CO 2 . Inhibiting the enzyme, CO 2 concentration may incre a s e in the brain, indicating that the mechanism of action of carbonic anhydrase inhibitors for increase rCBF may be the same for CO 2 itself.
On the other hand, Kastrup et al. 6 have demonstrated that cerebral blood flow and oxygenation changes during breath holding can be detected re l iably by means of fMRI at 1.5T. Breath holding has the advantage of being a simpler paradigm for evaluating hemodynamic response, since it re q u i resneither an exogenous source of CO 2 nor an acetazolamide injection, making it a good non-invasive alternative test. Many aspects of such paradigm have nor yet been addressed. There f o re, the main purpose of this study is to investigate quantitatively some aspects of perfusional alterations in the human brain, such as dependency on breath holding duration and brain lateralization of the effect. These changes were mapped by changes in BOLD signal as a result of a global and uniform stimulation: hypercapnia induced by two breath holding paradigms.
METHOD
The methods per f o rmed in this study were appro v e d by Ethics Committee in Research. The subjects gave inf o rmed consent after having carefully been informed about the study.
This study comprised nineteen asymptomatic volunteers (9 male, 8 female), who were instructed to hold their bre a t h in variable intervals of time, 14 and 27 seconds, after inspiration. The protocol was constituted by eleven altern a t i n g periods of hypercapnia and rest for the first protocol, and five periods of hypercapnia versus six normal breaths, for the second. Six exams from the first protocol and five exams f rom the second were eliminated due to m otion art i f a c t . Volunteers were instructed to breath hold ing after inspiration. There f o re, to obtain maximum response amplitude, the hemodynamic response was delayed 2 2.5s. To assure the quality of the exams, data was also visually inspected throughout the entire time series.
MRI was acquired in a Siemens 1.5T scanner (Magneton, Vision). High resolution T1-weighted structural images (TR= 9.7 ms; TE=4 ms; flip angle=12°; matrix size=256x256; FOV= 256 mm), using a Gradient Recalled Echo (GRE), MPR sequence, was acquired for anatom ical re f e rence. Fast EPI-BOLD fMRI sequences was used for functional imaging (TR=4600ms; TE=60 ms; flip angle=90°; matrix size=128x128). Images were also processed using a cross corre l a t i o n function map, for diff e rent phase shif ts in time, in ord e r to obtain the hemodynamic delay for diff e rent brain regions. The statistical maps were normalized to Ta l a i r a c h space.
RESULTS
Six subjects had to be excluded due to motion a rtifact, which exceeded 2 mm in translation or 2 deg rees in rotation. BOLD signals were obtained using 27s and 14s breath holding protocols (Fig 1) . It shows that, in spite of a global increase of the signal BOLD i n t e n s i t y, the response delay depends on the cerebral region. Phase lag correlation maps indicate an a p p a rent temporal evolution between diff e rent cerebral stru c t u res (Fig 1) . The colors map corresponds to the specific delay of the hemodynamic response function, the reddish brain areas correspond to the ones that responded earlier to the paradigm where a s greenish spots responded later.
Based on the delay, the re f e rring statistical map to the maximum response amplitude was determ i n e d (Fig 2) . During the period of perfusion peak a global increase in rCBF is observed. More o v e r, there is no evidence of cerebral lateralization in response to the paradigm and a clear distinction between gray and white matter can be noticed (Fig 2) .
F i g u re 3 shows the averaged BOLD signal time course in diff e rent breath-holding conditions, with duration of 14s and 27s, for the same region of the parietal lobe, selected randomly (Brodmann area 31). The increased signal, induced by breath holding, is correlated with the time of breath holding, i.e., the l a rger the time, the larger the amplitude of the BOLD signal (Figs 2 and 3) . DISCUSSION H e re we observed diff e rent delays of the BOLD signal depending on the brain region inspected, and may re p resent diff e rences in the coupling mechanism re q u i red in the generation of the BOLD signal.
The amplitude of the BOLD response was dependent on the length of breath holding period, pro b ably since the CBF is regulated to keep a constant ratio of CO 2 and O 2 at the mitochondria, to preserve the t h e rmodynamic free energy available from oxidative metabolism of glucose 7 . Consequently, to incre a s i n g the breath holding period implies in a higher CO 2 concentration in the blood, causing cause a more p rominent increase of CBF to maintain the re l a t i o nship between the CO 2 and O 2 . Furt h e rm o re, the cerebral oxygen extraction fraction will reduce and, in this way, the deoxyhemoglobin concentration will also reduce. As a result, it will lead to a more conspicuous BOLD signal. . In contrast, breath holding after expiration leads to an immediate increase of BOLD signal and blood flow after the onset of breath holding. For healthy volunteers, the perfusional pattern is distributed symmetrically, showing no lateralization 9 .
In conclusion, the perfusional pattern of healthy volunteers, as measured by the BOLD signal induced by breath holding, is distributed symmetrically, showing no lateralization. Also, there is a relatively clear distinction between gray and white matter, as visualized by the resultants statistical maps. More o v e r, t h e reis an apparent linear correlation between period of breath holding and the increase in BOLD signal, up to a certain level. Using relatively simple stimulation like breath holding we demonstrate that the response delay depends on the cerebral region, opening perspectives of a possible non-invasive contrast f ree mechanism to infer specific patterns of hemodynamic response in a variety of clinical studies. We believe it is possible to apply breath holding paradigms during a routine MR examination to study subjects who have perfusional disorders.
